G3BP1 has an N-terminal 142-amino acid dimerization domain, termed the NTF2 domain, that is essential for nucleation of stress granule assembly. Remarkably, the NTF2 domain can be replaced by generic dimerization domains, and the resulting chimeric proteins are able to fully nucleate stress granule assembly in living cells (Yang, in preparation). Thus, the domain architecture of G3BP1 is ideal for engineering light-inducible stress granule assembly by replacing the NTF2 domain of G3BP1 with the blue light-dependent dimerization domain CRY2PHR in frame with the fluorescent protein mCherry. We named this construct "Opto-G3BP1," and also created an "Opto-Control" construct referring to CRY2PHR-mCherry alone (Fig. 1a) . Consistent with prior reports, knockout of endogenous G3BP1 and G3BP2 in U2OS cells abolished stress granule assembly in response to arsenite 14 (Extended Data Fig. 1a) .
surrounding aqueous cytoplasm to create a functional cellular compartment with liquid properties. The assembly of RNA granules is driven by the collective behavior of many types of macromolecular interactions, including RNA-RNA interactions, protein-RNA interactions, conventional interactions between folded protein domains, as well as weak, transient interactions mediated by low complexity, intrinsically disordered regions (IDRs) of proteinsparticularly those present in RNA-binding proteins 13 . G3BP1 (and its close paralog G3BP2) is an essential nucleator of stress granule assembly 14 .
G3BP1 has an N-terminal 142-amino acid dimerization domain, termed the NTF2 domain, that is essential for nucleation of stress granule assembly. Remarkably, the NTF2 domain can be replaced by generic dimerization domains, and the resulting chimeric proteins are able to fully nucleate stress granule assembly in living cells (Yang, in preparation). Thus, the domain architecture of G3BP1 is ideal for engineering light-inducible stress granule assembly by replacing the NTF2 domain of G3BP1 with the blue light-dependent dimerization domain CRY2PHR in frame with the fluorescent protein mCherry. We named this construct "Opto-G3BP1," and also created an "Opto-Control" construct referring to CRY2PHR-mCherry alone (Fig. 1a) . Consistent with prior reports, knockout of endogenous G3BP1 and G3BP2 in U2OS cells abolished stress granule assembly in response to arsenite 14 (Extended Data Fig. 1a ).
When introduced to these G3BP1/G3BP2 double knockout cells, Opto-G3BP1 (as well as the analogous chimeric protein Opto-G3BP2) significantly restored stress granule assembly in response to arsenite, demonstrating that these chimeric proteins are functionally intact (Extended Data Fig. 1b-e) .
We next generated U2OS cell lines stably expressing Opto-G3BP1 or Opto-Control constructs.
Within seconds of blue light activation, Opto-G3BP1 in U2OS cells assembled into cytoplasmic granules, which we termed OptoGranules ( Fig. 1b and Supplementary Videos 1, 2).
Remarkably, a 5-millisecond pulse of 488-nm blue light was sufficient to initiate robust induction of cytoplasmic granules, and these granules spontaneously disassembled over a period of approximately 5 minutes (Fig. 1b,c) . These granules are highly dynamic, exhibiting liquid behaviors such as fusion to form larger granules and relaxation to a spherical shape (Supplementary Video 2). In contrast, under the same conditions, Opto-Control expression remained diffuse, with a modest amount of nuclear and cytoplasmic clusters ( Fig. 1b and Supplementary Video 1). To confirm the reversible nature of OptoGranules, we performed fluorescence recovery after photobleaching (FRAP) to monitor recovery rates and mobile fractions of individual granules ( Fig. 1d-f ), finding that these properties were very similar between Opto-G3BP1 and the conventional stress granules marker G3BP1-GFP.
To further define the relationship of OptoGranules to stress-induced stress granules, we next examined the composition of OptoGranules. Employing live cell imaging, we documented the dynamic recruitment of the stress granule marker GFP-TIA1 into OptoGranules following lightinduced assembly ( Fig. 1g and Supplementary Video 3) . Moreover, all stress granule components that we examined, including G3BP1, PABP, TDP-43, TIA1, TIAR, eIF4G, eIF3h, ataxin 2 and GLE1 were recruited to OptoGranules (Fig. 1h-i and Extended Data Fig. 1f-k) .
Since stress granules represent assembly of mRNA as well as protein 15, 16 , we used fluorescent in situ hybridization (FISH) with fluorescently conjugated oligo(dT) probes to examine whether polyadenylated mRNAs are present in OptoGranules as in canonical stress granules. We found that polyadenylated mRNAs were recruited into OptoGranules that assembled after blue light stimulation but showed no relocalization in cells expressing Opto-Control (Fig. 1j) . These findings indicate that OptoGranules are stress granules composed of mRNAs and RNA-binding proteins, including ALS-associated proteins such as TDP-43, ataxin 2, GLE1 and TIA1. Fig. 2c,f) . Finally, Opto-TIA1, which represents fusion of CRY2 with the well-known stress granule protein TIA1 (CRY2PHR-mCherry-TIA1), also assembled into droplets with blue light activation, but did not drive the assembly of stress granules, as illustrated by lack of colocalization with G3BP1-GFP (Extended Data Fig. 2g ). These data indicate that the formation of FUS-, TDP-43-, or TIA1-based OptoDroplets does not recapitulate the formation of stress granules, and is consistent with the proposition that a specific nucleator is required to initiate the assembly of distinct membrane-less organelles 13 .
Phase transitions are highly dependent on protein concentration, and we therefore hypothesized that the induction of OptoGranule assembly would be dependent on the local concentration of activated G3BP1, similar to the concentration-dependent formation of light-activated
OptoDroplets
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. To test this prediction, we controlled the local G3BP1 molecular concentration by modulating either the intensity of the activating blue light or the expression level of the Opto-6 G3BP1 construct. As predicted, we observed a strong positive correlation between blue light intensity and induction of OptoGranules (Fig. 2a) and, independently, a strong positive correlation between Opto-G3BP1 expression level and induction of OptoGranules (Fig. 2b) .
Thus, the OptoGranule system is highly tunable, a useful feature for a variety of studies.
We next examined the role of upstream events in OptoGranule formation and compared these to the cellular triggers associated with conventional stress granule assembly. Given that conventional stress granule formation is vitally linked to the disassembly of translating polysomes 16 , we tested whether polysome disassembly is required for OptoGranule formation.
We determined that treatment with cycloheximide, which traps translating mRNAs within polysomes, blocked both the formation of arsenite-induced stress granules and the formation of light-induced OptoGranules (Fig. 2c,d ), indicating that OptoGranule formation is dependent on polysome disassembly, further illustrating commonality with conventional stress granules. We next tested the role of eIF2α phosphorylation, which integrates stress granule formation downstream of a variety of stressors, such as arsenite and heat shock 16 . We used the small molecule ISRIB, which binds eIF2B and interrupts eIF2α-mediated translational control 18 . We found that formation of arsenite-induced stress granules was blocked by ISRIB, as previously documented 18 , whereas the formation of light-induced OptoGranules was unaffected by ISRIB treatment (Fig. 2c,d ). Consistent with this finding, Western blotting also showed minimal phosphorylated eIF2α accompanying OptoGranule assembly (Fig. 2e) . Thus, OptoGranule formation depends upon the recruitment of mRNPs from polysomes, but this assembly occurs downstream and independent of regulation by eIF2α.
We next examined the role of RNA in OptoGranule formation by using an RNA-binding assay to determine whether the Opto-G3BP1 fusion protein bound RNA similarly to G3BP1-GFP. Indeed, we found that Opto-G3BP1 bound bulk RNAs at levels comparable to G3BP1-GFP and this 7 binding was unchanged by blue light activation (Extended Data Fig. 3a) . Pursuing this result further, we modified the Opto-G3BP1 protein by deleting the RNA-binding domain of G3BP1
(Opto-G3BP1 ΔRBD) and tested the ability of this protein to form OptoGranules. As anticipated,
Opto-G3BP1 ΔRBD did not form granules after activation with blue light, indicating that RNA binding is essential for the formation of OptoGranules (Extended Data Fig. 3b,c) . (Fig. 3a,b) (Fig. 3c) . Interestingly, persistent OptoGranule assembly under these conditions (2 sec on, 12 sec off) resulted in significant loss of viability in cells expressing Opto-G3BP1 and greatly reduced toxicity in cells expressing Opto-Control (Fig. 3c) .
Pursuing this further, we established a paradigm that even further minimized blue light exposure, using a 10 seconds blue light pulse, followed by 10 minutes of rest, which was sufficient to initiate robust assembly of OptoGranules that were able to fully disassemble prior to the next light pulse (Fig. 3d) . This paradigm of chronic, intermittent OptoGranule assembly, which may more closely reflect physiological, chronic, intermittent stress, eliminated background toxicity due to blue light exposure and revealed significant toxicity in cells expressing Opto-G3BP1 compared to cells expressing Opto-Control (Fig. 3d) . Thus, we conclude that chronic persistent or chronic intermittent stress granule assembly is intrinsically cytotoxic, independent of exogenous stressors. Fig. 4a ). The presence of A11 immunopositivity in newly formed stress granules suggests that non-pathological amyloid oligomers are present in the mRNPs recruited to these structures, perhaps arising from the prion-like low complexity domains of RNA-binding proteins coating these mRNPs. While these are presumably physiological amyloids, it is conceivable that their close packing in the condensed liquid state of persistent stress granules risks seeding the assembly of pathological amyloids, particularly for proteins like TDP-43 that can adopt highly stable structures.
Remarkably, the characteristics of OptoGranules changed during chronic assembly.
Specifically, we observed that after approximately two hours of OptoGranule assembly, there was a significant increase in immunopositivity using two distinct anti-ubiquitin antibodies and two distinct anti-phospho-TDP-43 antibodies ( Fig. 4g,h ). Lastly, we examined neurons derived from iPSCs stably expressing inducible Opto-G3BP1 (Extended Data Fig 5c) . During differentiation into neurons, Opto-G3BP1 expression was also induced by adding doxycycline and remained diffuse until activation with blue light, whereupon these neurons assembled dynamic OptoGranules that evolved into neuronal cytoplasmic inclusions with chronic stimulation (Extended Data Fig. 5d-h ). Thus, chronic OptoGranule induction recapitulates the evolution of ALS-FTD pathology and neurotoxicity in human iPSC-derived neurons.
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Among the many membrane-less organelles that arise through phase transitions, stress granules have drawn the most attention from the ALS-FTD field because of their cytoplasmic location, which matches the location of pathological deposits in ALS-FTD, and the many disease-associated proteins that are components of stress granules. However, we must emphatically note that phase separation-mediated assembly, dynamics, and material properties of stress granules must be viewed within the context of a larger cellular network of membraneless organelles, which include a wide variety of nuclear and cytoplasmic RNA granules. Indeed, membrane-less organelles are now recognized as functionally relevant biomolecular condensates that underlie different segregated biochemistries within a single cell 13 .
Furthermore, their material properties (e.g., assembly/disassembly rates, mobility, viscosity)
likely influence these functions; indeed, the data presented here supports the burgeoning hypothesis that ALS-FTD arises from disturbances in the dynamics and material properties of membrane-less organelles, with devastating consequences over time.
Extending this hypothesis, we speculate that disease may reflect simultaneous pathological disturbance of multiple membrane-less organelles that arises by derangement of a network of multiple, independent phases. These interconnections likely reflect communication across different types of membrane-less compartments based on rapid, dynamic exchange of macromolecules (e.g., RNA and RNA-binding proteins) and small molecules that act as vehicles to communicate material states throughout the network. An example of this is seen in the recent report that perturbation of one phase separated compartment (stress granules) alters the properties and function of a distinct phase separated structure (the nuclear pore) 25 . With such a system-wide regulation, primary disturbances in the material properties of one node of the network (e.g., stress granules) may lead to secondary disturbances that are propagated throughout the entire network of membrane-less organelles. Plasmids. DNA fragments encoding human G3BP1 and TIA1 were PCR-amplified from G3BP1
(DNASU HsCD00042033) and pEGFP-TIA1 
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Filtered Opto-Control (mRuby) or Opto-G3BP1 (mRuby) viral supernatants and 8 μg/ml polybrene (Sigma H9268) were added to U2OS cells at ~50% confluency in 10-cm plates.
mRuby-positive cells were selected using cell sorting to produce Opto-Control (mRuby) or Opto-G3BP1 (mRuby) stable cell lines.
iPSC neuron differentiation. iPSC neurons were generated as described previously 5 BrainPhys neuronal medium and half-changed every other day until the assay was performed.
Blue light LED treatment. Cells (30-60% confluency) were transferred into blue light illumination at ~2 mW/cm 2 using custom-made LED arrays in a humidified incubator with 5% CO2 with blue light LED array. Custom-made LED arrays were arranged with a flexible LED strip light (Ustellar). The light intensity of LED arrays was measured by a power meter (ThorLabs S170C).
Live cell imaging. All live-cell imaging experiments were performed using a Marianas 2 spinning disk confocal imaging system except overnight images of cell viability assays (described below). Images were acquired using a 63×/1.4 Plan Apochromat objective. Cells were plated in 4-well Nunc Lab-Tek chambered coverglass (Thermo Fisher Scientific 155382).
Before imaging, the medium was changed to FluoroBrite DMEM medium (Thermo Fisher Scientific A1896701) with 10% fetal bovine serum and 1X GlutaMAX. During imaging, cells were maintained at 37°C with an environmental control chamber. Definite focus was used during the live-cell imaging. For one-time photoactivation, indicated cells were initially photoactivated by a 5-ms pulse of 488-nm laser illumination at 55% of maximum laser power, then imaged every 1 s thereafter with a 561-nm laser. For repeated activation, images were taken with 488-nm and 561-nm channels with 100 ms exposure time. Images were analyzed with SlideBook 6 software.
Western blotting. Cells were collected using PBS and lysed for 10 min on ice using RIPA buffer (25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS; Pierce, 89901) supplemented with proteinase inhibitor cocktail (Roche 1186153001) and PhosSTOP (Roche 04906845001). Samples were centrifuged for 20 min at 4°C at 14,000 rpm. Fluorescence recovery after photobleaching. Cells were first activated by dual imaging every 1 s for 5 min with 55% 488-nm laser power and 100-ms exposure time to initiate granule formation. Opto-G3BP1 or G3BP1-GFP-positive stress granules were then photobleached and mCherry or GFP signal intensity was measured before and after photobleaching. at 37°C overnight. Cells were then washed 3 times with pre-warmed wash buffer at 37°C.
RNA binding assay. The RNA binding assay was adapted from a previous report 7 . Cells were rinsed with PBS and UV cross-linked on ice using a Stratagene UV cross-linker at 600 mJ/cm 2 .
Cells were lysed in 0.5 ml/dish lysis buffer (25 mM Tris-HCl pH 7.5, 137 mM NaCl, 1% Triton X-100, 2 mM EDTA, 1x protease inhibitor (Roche Diagnostics 11836145001)) for 10 min on ice.
One unit of RQ1 DNase (Promega M6101) was added to the cell lysates and incubated at 37°C
for 5 min at 1000 rpm in a Thermomixer (Eppendorf). Two units of RNase I (Life Technologies AM2294) was added and lysates were further incubated for 3 min at 37°C under 1000 rpm agitation in the Thermomixer. Supernatants were collected after 21,000 x g centrifugation at 4°C
for 10 min. imaging, the medium was changed to FluoroBrite DMEM medium supplemented with 10% fetal bovine serum and 1X GlutaMAX. During imaging, cells were maintained at 37°C and supplied with 5% CO2 using a Bold Line Cage Incubator (Okolabs) and an objective heater (Bioptechs).
Imaging was performed using a 60x Plan Apo 1.40NA oil objective and Perfect Focus (Nikon) was engaged for the duration of the capture. Continuous activation data was acquired with a script made in Prairie View. The script was set to image the 561-nm channel with 100-ms exposure at 80 power in a multipoint capture once, followed by imaging the 445-nm channel with 2000-ms exposure at 200 power in a multipoint capture five times. This script was repeated continually for the duration of the experiment. Three fields of Opto-Control and Opto-G3BP1 cells each with similar expression levels were chosen per experiment. Analysis was performed using ImageJ.
Statistical analysis. P > 0.05 was considered not significant. *P ≤ 0.05, **P < 0.01, and ***P < 0.001 by one-tailed Student's t test, one-way ANOVA or Log-rank (Mantel-Cox) test. Statistical analysis was performed in GraphPad Prism or Excel.
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